Neutrophil apoptosis is delayed in medical conditions associated to anoxia or hypoxia, prolonging tissue destruction and fostering the inflammation. Hypoxia Inducible Factor-In (HIF-Ia), is a main regulator of delayed neutrophil apoptosis but the mechanism of action is poorly characterized. Neutrophil gelatinase-associated lipocalin (24p3) participates actively in iron metabolism and the regulation ofironresponsive genes. Recently, a connection has been described between HIF-Ia and 24p3. The purpose of the present study was to determine whether constitutive apoptosis in neutrophils requires 24p3 and whether HIF-Ia represses 24p3 affecting cell death iron intracellular levels. To this end we used in vivo ischemic models and anoxic approaches based on the reactivation of the delayed apoptosis. We found that the stabilization of HIF-a during anoxic periods provoked a delay in neutrophil apoptosis through decrease of 24p3 expression and intracellular iron content. The ischemia drastically inhibited the synthesis of 24p3 in circulating neutrophils, increasing the tissue damage. Reactivation of neutrophil apoptosis with opsonized E.coli induced increases in intracellular levels of iron and 24p3. In conclusion, contrary to other cell types, constitutive apoptosis in neutrophils requires 24p3. During hypoxia or ischemia, HIF-Ia stabilization represses 24p3 expression, consequently iron levels are depleted and neutrophil apoptosis is delayed. Neutrophils (NT) are short-lived cells that constitute the first line of defence against infectious agents, being the first cells to be recruited to the sites ofinjury or infection (1) . Under normal circumstances NT die by apoptosis between 8-20 hours after leaving the bone marrow, being then phagocyzed by macrophages, limiting tissue damage (2) . But, in situations of low levels of oxygen, NT adapt from normoxic to anoxic conditions by extending their lifespan, delaying their constitutive apoptosis and provoking amplification of the primary damage (3) . In contrast to many others cells where a decrease in oxygen levels has a proapoptotic effect, hypoxic conditions decrease neutrophil apoptosis not only in vivo but also in vitro (4) .
Among the pathologies associated to hypoxia, those with ischemic origin lead to the first cause of death in developed countries. In some of these pathologies, deregulated neutrophil apoptosis has been associated to development of the degree of injury in different organs, such as liver, lungs or heart (5) (6) (7) . Intestinal ischemia is a worldwide clinical problem with an unacceptable mortality rate of 70% of the affected patients (8) . This disease elicits an acute inflammatory response characterized by a massive accumulation of NT and a great production of reactive oxygen species that amplifies damage, leading to important tissue damage or failure of the organ (9) . However, curiously no data has been reported in relation to the deregulation of neutrophil apoptosis in this pathology.
Hypoxia Inducible Factor-l a (HIF-l a), is thought to be the main regulator of delayed neutrophil apoptosis in hypoxic/anoxic situations (10), although the proper mechanism of regulation remains to be fully characterized.
In normoxic situations, HIF-l a is continually produced and degraded; the regulatory subunit is hydroxylated on two prolines by iron-dependent prolyl-hydroxylases (PHD). However, in hypoxic situations the hydroxylase activity is inhibited and the HIF-l a subunits are stabilized. It has been seen that iron is a necessary co-factor in post-translational modifications of HIF. Additionally, iron deficiency mimics hypoxia, leading to HIF activation (11, 12) . Moreover, recently HIF has been proposed as an iron sensor and iron regulator (13) .
On the other hand, the small protein lipocalin 2 or 24p3 [a described target gen of the Wnt pathway (14) ] which is secreted from specific granules of activated NT among other cells, participates actively in iron metabolism and delivery and in the regulation of iron-responsive genes (15, 16) . This protein was first purified from human NT associated to gelatinase (17) and apart from its relationship with iron metabolism, has also a role in apoptosis; interestingly, it is able to induce apoptosis in many but not all leukocytic cell lines such as thymocytes, primary lymphocytes and NT (18, 19) . Recently, a connection has been described between HIF-la and 24p3 transcription in renal tissue and concretely associated to the development of renal fibrosis (20) .
Bearing in mind all of this, we propose that, contrary to other cell types, constitutive apoptosis in NT requires 24p3 and that during hypoxia or ischemia, HIF-1a stabilization represses 24p3 expression in these cells which may play an important role in the delay of the neutrophil apoptosis. Moreover, the depletion of iron intracellular contents that occurs as a result of oxygen deficiency, affords the repression of neutrophil apoptosis.
MATERIALS AND METHODS

Cell culture
MPRO cell line, Clone 2.1 (ATCC), was cultured in Iscove's Modified Dulbecco's medium (IMDM)(LGC standards) supplemented with 20% heat inactivated horse serum (LGC standards) and lOng/mL murine granulocyte macrophage colony stimulating factor (GM-CSF). Proliferating MPRO cells were differentiated to NT by the addition of 10 !J.M all-trans-Retinoic acid (ATRA) to the growth medium during 96 hours as previously described (21) . Once complete NT were obtained the experiments were conducted in IMDM medium without GM-CSF to avoid the anti-apoptotic effect of this cytokine (3) . Anoxia was induced in a DG250 (Don Whitley Scientific) hypoxia workstation. The workstation's chamber was brought to anoxia by carrying out a commissioning cycle before carrying out the treatment. Atmospheric oxygen was displaced by using a 95% N2/5% C02 gas mixture. The different experimental groups were cultured overnight under these conditions and control groups were cultured under normoxia. For the different experiments, the following compounds were used: CoCl z (150 !J.M; Sigma), iron (300!J.g/ml; Feriv, GES. Genericos Espafioles), desferroxamine (DFO) (100 !J.M; Sigma), opsonized dead Escherichia coli (10: I; Orpegen Pharma). For the 24p3 (Invitrogen) or HIF-I a (Santa Cruz Biotechnology) silenced groups, siRNA or scrambled siRNA were added for six hours before the beginning of the experiment in culture medium without supplements according to the manufacturer's instructions. After this period, the experiment was conducted in normal IMDM medium without the growth factor GM-CSF.
Ischemia/reperfusion model
Male Sprague Dawley rats or BrownNorway (Charles River) weighing 300-350g were anesthetized with isoflurane (1.5%) with body temperature maintained at 36-37°C. Intestinal ischemia was induced by occluding the superior mesenteric artery with an a-traumatic arterial clamp for 45 or 90 min. The reperfusion period was 60 or 180 min and at the end, the whole blood was obtained from the cava vein and collected in heparinized tubes. Tissue samples were collected for histological analysis or immediately frozen and maintained at -80°C for further analysis. Sham animals were subjected to the same manoeuvres as ischemic groups except that the mesenteric artery was not clamped. The experiments were in accordance with European Union regulations for experimental animals.
Opsonized dead Escherichia coli (Orpegen Pharma) was dissolved in PBS solution and 500 ul were administered to the animals in a final dose of 109/ml by i.v. injection via the cava vein at the beginning of the reperfusion period. For 24p3 antibody administration to animals, 200 ug (i.v. bolus) of monoclonal anti-mouse 24p3 antibody were injected after the ischemic period to the opsonized E.coli.
Isolation of rat NT were performed from the heparinized blood by density centrifugations using Monopoly resolving medium d=1.l14 g/mL (Eurobio) and Iymphoprep d=1.077 g/mL (Axis-Shield), and centrifuged twice at 500 g for 30 min. The purification was greater than 97% and was confirmed by staining the cells with Giemsa May-Griimwalds.
Apoptotic measurements
Caspase 3 activity was deterrnined by measuring proteolytic cleavage ofthe specific substrate N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (DEVD-AMC) (Biomol). The AMC released was quantified for 95 min at 37°C by fluorospectrophotometry using 380-nm excitation and 450-nm emission. Apoptotic nuclear changes, such as chromatin condensation and fragmentation, were analysed by staining with DAPI.
FITC conjugated recombinant Annexin-V (Nivelles) staining was performed using a Becton Coulter flow cytometer (Becton Coulter, Fullerton, CA). Appropriate internal controls were carried out for each experiment.
Real Time RT-PCR
Intestinal RNA was extracted from homogenized tissue with TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. For cells, RNA was extracted using RNeasy© spin columns (Qiagen). Total RNA concentrations were calculated by optical density at 260 nm. cDNA was prepared from I ug total RNA. 24p3, Wnt-I, Wnt-3A, Wnt-5A, B-catenin, Glut-I and VEGF mRNA expressions normalized to the housekeeping gene GADPH were measured by the quantitative reverse transcription polymerase chain reaction (RT-PCR) method in a 20 III reaction volume with IQTM SYBR Green Supermix (BioRad) according to the manufacturer's instructions.
siRNA gene silencing
The siRNA sequence used for targeted silencing of the 24p3 gene was designed using the BLOCK-iT RNAi Designer for stealth RNAi (Invitrogen) according to manufacturer's instructions. The 24p3 siRNA oligonucleotide selected was (sense strand given): 5'-GCC CAG GAC TCA ACT CAG AAC TTG A-3'. In the case of HIF-Ia siRNA we used a commercial sequence (Santa Cruz Biotechnology). The scrambled siRNA oligonucleotide selected was also obtained from Invitrogen and used as a negative control. The synthetic double-stranded siRNA oligonucleotides were delivered using Lipofectamine 2000 transfection reagent according to the manufacturer's protocol.
fJ-catenin immunocytochemistry
Cytospinned NT were incubated with mouse anti--catenin antibody at dilution of I :50 for I h at room temperature followed by I h of incubation with the secondary antibody goat biotinylated anti-mouse IgG (Vector Laboratories) at dilution of I: I00 and stained by the avidin-peroxidase conjugate method (Vector Laboratories). Cellular nucleus was stained with haematoxylin to complement the immunocytochemical procedure.
24p3 immunofluorescence and ELISA
Fixed NT were permeabilised with acetone and blocked I h with goat serum at room temperature prior to the incubation with the monoclonal anti-mouse 24p3/NGAL antibody at dilution I :500 for I h. Secondary antibody FITC rat anti-mouse (BD biosciences) was added for 30 min in darkness at dilution I: 1000 and samples were then mounted with mowiol and visualized under fluorescence microscope. 24p3 production was also measured by assessing the amount of 24p3 protein secretion into cell culture supernatants by ELISA Kit (Antibody Shop).
NT lysate and immunoblotting
For~-catenin detection, NT were washed and homogenated as previously described (22) . For HIF-Ia immunoblotting, cells were pelleted and resuspended in an UREA buffer (7 M Urea, 2 M Tiourea, 4% CHAPS, 40 mM Tris-base at pH 7.4 with addition of 10 mM OTT and 2 mM PMSF), sonicated and centrifuged. Supernatants were heated for 10 min at 95°C before loading. Samples were separated by SDS-PAGE (10% for~-catenin and 24p3, 7.5% for HIF-Ia), transferred to a Nitrocellulose transfer membrane (Whatman, Dassel, Germany) and incubated with the appropriate primary and secondary antibody. The bands were visualized using Immuno-Star HRP (Biorad) and quantified using Quantity One 4.5.1 Software.
Myeloperoxidase activity (MPO) and lipoperoxide levels
MPO from tissue homogenates was measured spectrophotometrically as previously described (23) . Lipid peroxidation was determined as an index of oxidative stress by the thiobarbiturate reaction, measuring the formation of malon dialdehyde (MDA) (24) . Total protein concentration in homogenates was determined using a commercial kit from BioRad. Intracellular iron content was measured using an ADVIA 2400 (Siemens Medical Diagnostics, Deerfield, IL) multichannel analyser.
Histological analyses
After the period ofreperfusion, intestine was placed in 10% buffered formalin, and embedded in paraffin, cut into 5 urn sections and stained with haematoxylin and eosin (H&E). Evaluation of tissue damage was performed with light microscopy using Park's classification.
Statistical analyses
Data are expressed as means ± SEM. The means of different groups were compared using one-way analyses of variance. Student-Newman-Keuls test was used to evaluate significant differences between groups. Statistical significance was set at P<0.05.
RESULTS
HIF-la and 24p3 protein delays neutrophil constitutive apoptosis; intracellular iron reactivates the delay
Hypoxia inducible factor-Ia is known to mediate neutrophil apoptosis under anoxia (10). We have used two different experimental approaches to stabilize HIF-l a, anoxia or cobalt chloride (CoCI2) treatment. Cobaltous ions compete with iron for binding to PHD and stabilize HIF-Ia in the cytoplasm of the cells prior to its translocation to the nucleus, mimicking what occurs in anoxic situations. The apoptotic parameters showed in Fig The intracellular content of iron is essential for the cell life and its metabolism is cautiously regulated. HIF-1a has been revealed as an iron sensing factor (25) , and iron alternatively uses 24p3 protein to enter to the cytoplasm. The question that arises is whether these factors are connected to the delay of the neutrophil apoptosis. Anoxia depleted the intracellular levels of iron in NT (Fig,  2) . Administration of CoCI2 to control cells also depleted the intracellular iron levels, indicating that HIF-I a stabilization plays a direct role in modulating iron levels (Fig. 2 A) . To delineate the implication of HIF-I a/iron system in the expression of 24p3 and, consequently in the delay ofthe apoptosis, we replete iron content by adding soluble iron direct to the culture. Iron treatment, increased intracellular iron content and promoted the synthesis of 24p3, which was clearly detected in the supernatants (Fig. 2 B) . Other direct evidence was the fact that the addition of iron chelator (DFO) significantly decreased the detection of 24p3 protein. Additionally, when we silenced the 24p3 gene, iron was not able to reinduce the synthesis of the protein but treatment with scrambled siRNA did not prevent the production of 24p3 promoted by iron, revealing a clear relationship between HIF-a, iron and 24p3 protein in anoxic NT resulting in the delay of the apoptosis. The apoptosis delayed during anoxia or with CoCl2 was reinduced when iron was added. But the re-induction was ineffective when 24p3 synthesis was knockeddown, despite the high levels of iron. Additionally, DFO treatment of control NT induced a delay in its apoptosis, suggesting that both 24p3 presence and levels of intracellular iron are needed to promote the apoptosis of NT that had suffered hypoxia or anoxia.
Because 24p3 gene has been described as a target gene of the Wnt pathway, we determined whether the Wnt pathway was involved. We detected and quantified~-catenin and measured mRNA expression of three described genes of this pathway, Wnt-l, Wnt-3A (both canonical pathway) and Wnt-5A (Wnt non-canonical pathway) ( Fig. 2 D, E, F). Anoxic situation, and also CoCI 2 , dramatically decreased the expression of~-catenin as well as the target genes. The expression and distribution of~-catenin at different stages in both, control and anoxic cells, can be seen in detail in the panel of Fig.  2D . Wnt pathway is decreased in anoxic situations through the action of the hypoxia inducible factor-I a and therefore is not implicated in the suppression of 24p3 synthesis during neutrophil anoxia.
Re-induction of neutrophil apoptosis implicates the increase of24p3 expression
The phagocytosis of opsonized dead E.coli by NT c ApopI OS,.
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• " _DAPI is a recognized method to induce their programmed ce ll death (26) . We used this approac h to determine directl y whether apoptos is react ivation is related to the reacti vation of the 24p3 synthes is during anox ia, Opsoni zed E. coli was able to induce the synth esis of the protein and consequently reactivate the delayed apoptosis. This reactivation is directl y related with the intracellular iron content because the treatment with DFO revealed that opsonized E.coli did not favour the neutrophil apoptos is when iron levels were depleted , nor when the act ivity of 24p3 was inhibited by the action of spec ific 24p 3 antibody ( Fig. 3 B, C) . We also used ca lcein-A M ass ay which enables to determine the viability of cell s which showed that anoxia alon e or depleti on of iron levels or \cn2 inhibit ion to E.coli treatment increase the viability of the NT (Fig, 3 D) .
Intestinal l/R delay the ap opt osis ofthe inflamm atory circulating neutrophil
To translate the result s obtained in vitro to an in vivo pathological situation, we used the model of intestinal I/R, in which the degree ofdamage is greatly related to the amount and behaviour of NT. To define this end, we used two different rat strains described as sens ible (SO) or resistant (BN) to ischemic insults, Fig. 4 shows the data of isolated neutrophil from circulation after different time points of I/R insults , The apoptotic markers where clearly decreased in all time points of I/R when compared to sham (Fig,   4 , A-D). This difference was especially pronounced in SO rats and, although BN also showed a delay in the constitutive apoptosis of the circulating NT after ischemi a, the absolute levels of apoptosis were cons iderabl y lower in SO rats . Intere stingly, the number of neutrophils is the same in sham animals from both strains, but after the damage the delay of these neutrophils is very different, as the availability of activated cells is very different between strains and consequently the potential number to infiltrate is much higher. In order to assess whether intestinal I1R induce apoptosis delay in other blood circulating cells, we further checked the apoptosis of the circulating lymphocytes ( Fig. 4 E, F) . Caspase-3 activity showed no significant difference among ischemic groups and sham animal s reflecting that, contrary to NT, ischemia does not provoke delay in the apoptosis of these cells. Fig. 5 depict s the degree of tissue injury. Representative histopathological pictures are shown in panel 5 A, D, illustrating the different grade of inj ury according to the time ofischemia or reperfusion and the major impact of damage in SO strain, Apart from the histopathology, the tissue damage associated to inflammation was evaluated by tissue levels of MDA ( Fig . 5 B, E) , as an index of lipid peroxidation, and by MPO activity (Fig. 5 C, F) , which has been largely shown to be a quantitative method to determinate inflammation in the intestine . Results showed elevated levels ofMDA in SO strain in all IR group s in respect to sham. BN strain did not show different level s among groups. Similar to this marker, MPO reflected higher activity in SO and especiall y in the group with a longer I1R period (190/ R180), whereas BN values remained con siderabl y lower.
Induction of 24p3 synthesis re-activates the apoptosis, increases intracellular iron content of circulating neutrophil and ameliorates intestinal I/R injury
Having establ ished the delay ed apoptosis in the in vivo model, we determined the consequences of the re-activation of the constitutive neutrophil apoptosis after I1R. We administrated intravenous opson ized dead Ecoli to reactivate the delayed apoptos is of the circulating NT in ischemic SO stra in. We focused on SO strain and on one time of period that showed enough acute tissue inj ury to provoke acute inflammation but not enough to lose the tissue irreversibly. Fig. 6 shows that intestinal integrity is better preserved if opson ized E coli is administered ( Fig.  6 A) . The figure illustrates ischemic tissue with or without E coli adm inistrat ion. I1R group shows a grade 4 of injury (Park' s classification) with massive epithelial lifting and denuded villi and exposure of the lamina propia. Histological damage grade appeared reduced to 2-3, with villus tip denudation and moderate epithelial lifting , when opsonized dead E coli was injected at the beginning of the reperfusion. This amelioration was not obtained with the intravenous admini strat ion of antibody against 24p3. MPO and MOA ( Fig. 6 B, C) show a clear increase in the I1R group when compared to shams, while addition of opsonized dead Ecoli provoked a dramatic decrease which was reversed by administration of 24p3 antibody. Thus, the reversion of intestinal I/R injury by Eicoli administration involves the 24p3 protein.
We finally pursued to unravel the mechanistic connection in the delayed apoptosis caused by intestinal I/R. Fig. 7 A and Ecoli, indicating a re-induction of the apoptosis in these cells. When 24p3 antibody was injected to animals, neutrophil apoptosis re-induction was significantly diminished, revealing the pro-apoptotic role ofthis lipocalin in the system. The representative pictures of the morphology of the nucleus stained with DAPI in panel 7A demonstrate these results.
The intracellular protein levels and mRNA expression ofthe circulating NT revealed that ischemia drastically inhibit the synthesis of24p3 and that Ecoli is able to re-induce de novo formation of the protein in circulating NT ( Fig. 7 C, E, F) . The intracellular content of iron is also shown (Fig. 7D) . Overall, the data indicate that while inducing apoptosis and achieve increased intracellular levels of iron, apoptosis is not reactivated if the action of 24p3 is blocked.
DISCUSSION
Hypoxia is a strong stimulus for neutrophil survival (7, 4) and HIF-la has a central role in the delay of the neutrophil apoptosis in hypoxic/anoxic situations (10), but the proper mechanism and the different components managing its regulation remain to be fully characterized. In the present work, we demonstrate that HIF-1a delays neutrophil apoptosis by using its iron sensing capabilities and by downregulating the expression of the neutrophil's target protein 24p3.
The results shown in Fig. I determine that HIF-Ia stabilization, either by administration of CoCl2 or with anoxia, induces a decrease in expression and secretion ofthe 24p3 protein in NT that coincides with a decrease of the constitutive apoptosis. Divergent consideration emerges in the regulation role of the Wnt pathway on 24p3 transcription. Although 24p3 is described as target gene ofWnt pathway (14, 16) , the down regulation of 24p3 found in our experiment seems to be independent of Wnt pathway in these cells, as demonstrated in Fig. 2 .
Hypoxia and iron metabolism are processes intimately connected and controlled. HIF-la has been revealed as an iron sensing factor by previous authors (27, 25) . Iron is a necessary co-factor in posttranslational modifications ofHIF. It should be noted that iron alternatively uses 24p3 protein to enter cytoplasm (15) and, in tum, 24p3 delivers sufficient iron to regulate iron-responsive genes. Our results reveal a clear relationship between HIF-a, iron and 24p3 protein in anoxic NT, with a consequence in the delay of the apoptosis. Interestingly, the apoptosis, which is delayed with HIF-a stabilization, can be reinduced if the iron content is reloaded. However, the re-induction is ineffective if 24p3 is knock-down, despite the presence of iron. Additional evidence of the relationship is that the administration of iron chelators to control NT decreases the production of 24p3 and delays the constitutive apoptosis. Taken together, these data indicate that both, 24p3 synthesis and intracellular levels of iron are needed to reactivate the apoptosis of hypoxic NT.
Intestinal ischemia/reperfusion process presents two major characteristics, long periods of tissue oxygen deprivation and a huge increase in the number of NT in the site of inflammation. But, curiously, a delay has not been reported in the constitutive neutrophil apoptosis and its consequences in this setting. To this end, we first determined the correlation of the intestinal damage degree with the delay in the apoptosis of the circulating NT and with the resistance to the ischemia insults. For this we used two different rat strains known to be sensible (SD) or resistant (BN) to ischemic events. Our results confirmed the described resistance or sensibility of the strains, but also highlighted a clear delay in the constitutive apoptosis of the circulating NT that was considerably lower in SD. The ability to keep the apoptosis in the circulating NT during the ischemia might be one factor implicated in the mechanisms of resistance against ischemic-reperfusion insults.
We found that ischemia drastically inhibits the synthesis of intracellular 24p3 protein level of the circulating NT, and the reinduction of the apoptosis is able to induce de novo formation of the protein, but the specific blockage of the protein activity abolished the re-induction of the apoptosis, although the intracellular iron levels rose and also eliminated the preservation of the tissue integrity.
In conclusion, the stabilization of HIF-a during anoxic periods provokes a delay in neutrophil apoptosis through decrease of 24p3 expression and intracellular iron content. Reactivation of the neutrophil apoptosis induces an increase in intracellular iron levels and, consequently, 24p3 expression and production are re-activated and apoptosis is re-induced. These events correlate with an important amelioration of intestinal tissue injury and might have a role in the resistance to ischemia.
